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ABSTRACT 


This work consists of two parts. In the first part, 
firstly the kinetics of reversible step polymerisation is 
discussed. The MWT) for the reversible reaction involving 
asymmetric monomers is predicted to he same as that for 
irreversible reaction, if it is assumed that in a given 
species all the internal arrangements are equally probable. 
Secondly, an algorithm developed by Yimala and Nath was used 
to solve linear simultaneous partial differential equations 
describing mass transfer accompanied by polycondensation. 

In the second part an experimental apparatus that has been 
set up to perform polycondensation reactions has been des- 
cribed. The samples were analysed for acid number, hydroxyl 
number, water content. The samples were also analysed for 
molecular weight distribution' by GPC. The calculated 
from acid and hydroxyl number is in good agreement with 
that calculated from theoretical considerations. 


K 
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INTROSTJQTIOIT 

Several important polymers are produced by step 
polymerisation mechanism. In this type of polymerisation 
monomers with chemically reactive functional groups form 
the polymers. In the first part of this thesis, some 
theoretical work concerning reversible step polymerisation 
is presented, firstly, molecular wei^t distribution in 
step polymerisation of two difunctional monomers one of 
them possessing structural asymmetry is calculated. Secondly 
a numerical technique for solving two simultaneous linear 
partial differential equations which arise out of simul- 
taneous diffusion and polycondensation reaction is presented. 
In the second part of the thesis an experimental apparatus 
designed for carrying out polycondensation reactions is 
described and results of some experiments performed are 
presented . 



CHAPTER 2 


KINETICS OP REVERSIBIE STEP POLYMERISATION 

Step polymers such as polyesters, polynrathanes, etc.. 
Can be considered as products of reaction between two di- 
functional monomers. Such polymerisations have been analysed 
using Plory’s equal reactivity hypothesis. However examples 
of monomers for which the equal reactivity assumption is 
invalid are plenty, Haree types of such monomers are 

1 . Asymmetric monomers in which the groups are not 
chemically equivalent , for example, a glycol with a primary 
and secondary hydroxyl groufswhose reactivities are different 

2. Cyclic monomers such as anhydrides. Here the 
anhydride group generates a carboxyl group on reaction with 
a hydroxyl group but the reactivities of carboxyl and 
anhydride groups are different. 

3. Monomers with induced symmetry. In such mcnomers 
the functional groups are equally reactive till one of them 
reacts, 

-1 

Case presented the molecular wei^t distribution 

(MWP) interms of the probabilities of reaction of functional 

2 

groups. Gandhi and Babu studied the effects of unequal 
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reactivity on the polymerisation kinetics and obtained 
these probabilities as functions of time for various values 
of the rate constants. In all of these studies, hov?ever, only 
irreversible reactions were studied. It is well known that 
Florys distribution derived for irreversible eciual reactivity 
case is also valid for reversible equal reactivity case. 

5 

Numerical computations by Somu for reaction mixtures initially 
containing stoichiometric ally equal amounts of reactants 
indicate that the MWD for reversible as well as irreversible 
polymerisations at the same conversion are identical. In 
this work, it is intended to provide a theoretical understan- 
ding of the above result for reversible polymerisation reactions 
for asymmetric monomers . 

One common class of polymerisation which is often 
encountered is of the + BB type, where , A2 and B are 

fxmctional groups with A^ and A2 groups reacting with B groups 
at different rates. This is classified as asymmetry and it 
also implies that the reactivities of both the functional 
groups A^ and I2 3 ^® unaffected by the length of the chain 
at the end of which they are present. Bor such pol3naierisation 
involving asymmetric monomers, all the possible reactions 
that can occur between the functional groups will be listed 
first. The various types of molecules present at any time 
are given in Table 1 . 
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Table 1 
NOTATIONS 


Type of species 

Symbol used for 
representing species 

Symbol used for 
representing 
concentration 
of species 

■^1^2 

(A^A2) 

[A^Ag] 



n-1 

(A^AgBB)^ A^Ag 

^^1^2 ^n 

^^1^2^ n 

(A^AgBB)^^ A^A^ 

(A^A^ 

[Ai^iI ^ 

UgA^BB)^ 

^^2-^2 ^n 

^■^2^2 ^ n 

C4iA2BB)n 


Ca^b]^ 

(A2A^BB)j^ 

(V^n 

^V^n 

W 

(W) 

[¥ ] 



5 


The reactions that can oocar het^een the ftmotional groups 
as follows ‘ 


(A^Aj) t 


v * 


0 


t (BBV.1 


^2 


(A^Ag) + (A^B) 


JW 


m 




(AiAg)^^ (W) 


(A^Ag) + (A^B) 


m 




(AiAiV W 


(A-JA2) 


in 


(A2A2V 




■*" (A2®) 


m 


Tr ^ 
^2 


(A^A^V (W) 


■1 




(A B) + ("W) 
'■^2 'm+n 


^1 




^2 


are 
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(A,B)^ + (BB)^.^ 


k 


1 

“-Ssniiiji 



k 


2 



(A,B) ^ + (W) 

(AoB) ^ + (W) 

'2 m+n ' 

(BB) ^ .+ (¥) 

' m+n-1 


(AgB)^ + (BB)^.^ 

(AiB)^ + (A^A^)^ 

(A,B)^ + (A.A^^ 

(AgB)^ + (A,Aj)„ 

(AgB)^ + (A^Aj)^ 







'^1^1 ('*) 
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(A^B)^ + (A^A^) 




m -ter 


T 






ni -XT 


Ir ’ 
^1 


(AiB)n + 


•nr 


V' 

Kg 


(AgB)^ H- “ 






(^1^1 )m+n+ <«> 

’■h^zK^n* (*'> 

^•*^2*2 ^m+n* 


(A^B)^ + (A^B)^ 

(AjB)^ + (A2®^m 

(AiB)^ + (AgB)^ 
(A,B)^ + (AjB)^ 


± 51 . 






<^1®>mV <«> 


In the ahoTre equations ¥ is being used to S3nabolize 
a side product that mi^t be formed. It is to be emiihasised 
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that the same rate constant for a given group is used 
irrespective of the chain length. The rate expressions foi 
the disappearance of these species can he viritten as follo^ws 


— d t A^A2l 
dt 


CO 

+ 2k, [A,!^] 21 
n=1 
oo 

+ 2k2 [A^Ag] £; 

n=1 


oo 


+ k, [A,A2] 

n==1 


oo 


+ k2 [A,A2] 21 

n=1 


n 


CO 


+ k, [A^Aj] 21 




n=1 

4* 1^2 

[A, * 2 ] 

00 

n=1 

-^1 

[wl 

00 

Z [ 

in=1 

-k* 

1 1 

1 J 

00 

Z 

I&=1 

- 

[¥] 

oo 

y~. C^1'^2la 

iifc=1 

-2k^ 

[w] 

00 

y t a,a,]^ 

m=1 

-2k.j 

[w] 

Co ‘ 

z. f MaZ 

m=:1 

— k ' 
^2 

[W] 

m=1 


( 2 . 1 ) 
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3 t 


+ 2k2 [®®ln-l t'^1-^2^ 

CO 

m=1 

oo_ 

m=1 

oo 

■ + 4k^ [BB]^_, ^ ^ 

m=1 

CO 

+ 4k2 [BB]n -1 >- 

111=1 
OD 

m =1 

CO 

4- 2k2 [BB]^.^ ^ [AjB ] ^ 

m=1 

+(k’ + kp [w] (n-l) [bb] 

- k^' [WKA 2 B] ^ 

- k ’ [ wIEa ^ bI ^ 

[wl f [ A,B] , 

in=n+1 



m=n+1 

v ‘ 

^[w] 

m=n+1 

V * ^ 

^ [w iZ U2B] „ 

‘=^ in=n+1 


CO 


- k • [ w ] 21 ^ 


m=n 

00 


- kjj [W] H [BB] 


in=n 
n-1 


m 


m 


•2 ki Z 

in=1 


-2k, 


n-1 


21 (2.2) 


10=1 


OQ 


+ 2 k ^ [ 21 ^ ®®^ m -1 

m=1 


Cc 


+ 2k2 [ ■^-]^2^n 21 

m=1 


00 


+ k ,, [ 2_ m 

m =1 


00 


10=1 


m 
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oo 


m =1 


m 


oo 


+ k2 Z" ^“^2® ^ 

m=T 


m 


+ (k^' + kp n [¥] [A^A 2 ] 


n 



00 


[A2B 

m=n+1 

CO 



[W] Z.[AiB ] 

nt=5n-f1 

00 


m 


m 


[wlUtA^A^!, 



ni=n+1 

o<o 

[¥] lltA/,] ^ 

in=n+1 

00 

M 

in=n+1 

CO 

[W]Z[ A,A 2 ]„ 

ni=n+1 


- k^[Ap2]tA^B] ^ 

- k2[Ap2^ ^-^2®^!! 

“ ^1 ^ ^ A^A2] n-m^A^s] ^ 

m?I 
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" ^2 ^ n-m ^ ^ 

ift=1 

n-1 

-2k, 2^ [ A, A, 3 [A^B ] 

m=1 

~^2 21 ^ n-m m 

m=1 


m 


m 


-« CA^Ai] „ 
TE 


CO 


^ 2: [A,B] 

ia=1 


oo 




m=1 

ao 


m 


m 


-4k, [A,A,]^ ZtBB],., 

1D=1 

+ k^(n+l) [WIA^A^ ^ 

+ k'(n-l) [W][A^A^]^ 


- k 


OQ 


^ [¥]2: [A,B] 


n^n+1 


m 


- k’ 

2 


oo 


- [w]ZIi;a,a, ] 

m=n+1 


oo 


[¥]2I[A,A, ] 

m=n*^1 


m 


m 


( 2 . 3 ) 
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~ 1 C 2 [ 


n-1 


m =1 

- 2 k , If [ [ A , B ] ^ 


m 


nt =1 


-d [^ 2^2 1 n 

dt 


CO 


+ 4^2 n 21 m-1 

m=1 


oo 


. 2k2 U^A^] , 21 t ^2^1 


m=1 

oo 


.ak^CA^A,]^ X:[a,b] 

111=1 


m 


m 


+ k^'(n+l)[¥] [A 2 A 2 I n 


+ (n-l )[¥3[A2A2 1 


- k 


OO 


^ [W] X B 

nfc = n +1 


V * ^ 

^[ w ] X_ 

m=n+1 


00 


-ki[w] Z. [AjAg] 


m 


m 


i]3=n-f1 


( 2 . 4 ) 
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n-1 


-2., Z tA,A3l„.jA,B] 
m=1 


m 


- k. 


-1 




m=1 


[^1® Ir. r nr 1 

^ [A^A2][ A^B 1 ^ 

4- IC 2 t 2 ^ ^ -^>1® ^ 


00 


+ 2k^[A^Bl^ 2Z ^m-1 
10=1 


GO 


Ai ca,b]^ yu^Ag] 

m=1 


00 


+ kg [A^B 21^ -^1^2^ 


m=1 

00 


+ 2k^ [A^b] ^ V[ A^A^ 1 
m=1 

00 

+ 2k2[ A^B 1 ^ 


itt=1 

00 


+ 2^1 [AiB] ^ yU^B] 

ni=1 


00 


fA,B] TIa^bI 

m=1 


m 


m 


m 


m 


m 


m 


(2.5) 
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1^2 X. tVl m 

m=1 

k’ (n-1) [¥ lU^B ] ^ 

n [W ][A^B] ^ 

k’ [W][ A^A2 ] 

2k^ [¥] [A^A^] 

CO 

^ 51 9 

iQ=n 

v» 

^ ZI ^ ■^1-^2 

m=ii+1 

oo 

W H [ A/, ] , 

m=n+1 

oo 

[w] x: ca^a, ]„ 

iii=n+1 

^[w] ^ tA^Aj]^ 

m=n+1 

OO 

[W] Zc a^b] „ 

m=n+1 

k’ 

m=n+1 




- }s:^[ A^A2] [B^l n_i 
n 

-^2 X m-1 

m=1 

^ n-m^ ’^I'^l ^ m-1 

m=1 

-2k^ X m 

in=1 

oo 

-kj V-[AiB]^.JA2B]„ 



m=1 


4- E-A-^Agl 5- *^2^ ^ n 

•f kg [ ^ ^ ^ n 


o<> 


+ SkgtAjB]^ X 


m=1 

so 


+ k^ [Agdj^ 


Ca^Aj] ^ 


m=‘ 
oo 

+ kg n 21^^ ^1^2 ^ m 

in=1 

CO 

+ 2k^ [AgB 5^ [ ^ m 

ni=t 
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oo 

+ 2 k 2 [-^2® ^ n 21 ^ 

m=1 

oo 

+ acg [AjB]^ X m 

m=1 

oo 

•^>'1^ V^n H 

m=1 

CO 

^^2 i:^ V’m 

m=1 

+ k:| nEwllAgB] 

+ (n-1) [wllAg®^ n 

- k^ CwlA^Ag] 

- 2kj [w ][ ^ 

OO 

m=n 

CO 

- k,' [ W IX UjA, 1 ^ 

iii=n+1 

-^[wiz [vj ] „ 

iii=n+1 

■^Cwir U.A^] „ 

IIl?:n+1 
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oo 


~ ^2 ^ ^ 21 f -^2^2 ^ m 


m=n+1 

OO 


in [AjB] 

®=n+1 

cO 

’'i [ » 1 Z c "^2=] 

m=n-M 


m 


m 


- kA 


CO 


JXry ' ■« 

^^[W] 2l [a^b] 


m=ii+1 


m 


k, [a^AjIEbb] 

a, Z [ 

ni=1 

4^2 Z [BB]„.„U2Aj]^.^ 

m=1 

CV] 

m=1 

>^1 Z f ^2« ^1® ^ 

m=1 


m 


m 


(2.7) 


In deriving the above equations care has to be 
taken to account for chain breakage due to reverse reaction 
■which can occur at 'two places and produce the same product. 
Por example, produce A^A 2 monomer by reverse 

reaction in two ways. In -the above derivation one assumption 
was used. The symbol adopted for all the species do not 
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reflect all the internal arrangements. Tor example, (A>|B)2 
actually consists of two types of molecules; A^A2BB 
and was assumed that both the species are 

equally probable in occurrence. This also implies that in 
a complicated molecule such as (AgA^ probabilities of 
occurrence of (A^A2BB)^ A^A2 

3 

are equal. Bellowing the strong suggestion from Somu's work, 
it is now intended to test whether the M.W.I). predicted for 
irreversible reactions is valid for the reversible reactions 
as well. 


Let a , p and Y respectively represent the fraction 
of initial B,A^ and A2 groups that have reacted at any time. 
Then from stoichiometry 




(2.8) 


L 

where B = , | i . Here the initial group concentration 

of both A^ and A2 is equal to [ A , Then Case’s results 

on MWB for the irreversible polymerisation involving asymme- 
tric monomer can be rearranged to give the following* 


(A.B) = EB ( 1 -P) ( 1 -oi)y (E^Y 

'I n 0 

(AaB)^ = RB^(l-a) ( 1 -y)P (RPy)^"^ 
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4 i-^ 1 ^n 

= (1-^)2 >2(rpy)''-'' 


= R^B^ (1- Y (HpT 

^‘^1^2^n 

= R^B^ (1-p) (1 -y) PY (RPY ) 

(A, A3) 

= RB^ (1-p) (1 -y) 


If the iinreacted group concentration is [a^ ] , 
the initial group concentration is [ A] ^ and the 
unreacted B group concentration is[ B ] then intutively 
one Vifould expect the over all rate equation for[A^ ] to 
he 

= V [w] [A]^ -[A^] 

similar equations mi^t also he expected for unreacted 
and B group concentrations. As a justification for the 
assumption made in deriving equations (2.1 ) to (2.7), it 
can he said that the above intutive expressions can he 
obtained from equations (2.1) to (2.7) hy observing that 

OO OO OO 

[ ] = [A^A^] + 2 [A^A^ ^ n 21 ^ '^1^ ^ n 21 ^ n 

' n=1 n=1 n=1 

and summing the appropriate rate equations. As a consequence, 
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the relationship "between P and Y given hy Gandhi and 
2 

Bahu y V 

(1-p) '= (1-Y) ' (2.10) 

is also -valid. 

If (2.C|) is a sol-ution to equations (2.l) to (2.7), 
then substitution of (2.9) into the IHS and RHS of any one 
of equations (2.1) to (2.7) must all yield the same equation. 
If equation (2.9) is substituted in equation (2.1 ) with the 
help of equations (2.8) and (2.10), equation (2.1 ) after 
subsequent mathematical simplification is reduced to give 

M = 2 k, B (I~a)(l-P) - k’ [¥]p 

Burther when equation (2.9) is substituted in any of the 
rate expressions (2.2) to (2.7) and after use of equation 
(2.8) and (2.10) the same result is obtained. So the MWB 
predicted for asymmetric monomers in the case of irreversible 
reaction is also valid for reversible case. 

Thus it can be concluded that if one assumes that 
in a given species all internal arrangements are equally 
probable, the MWB for reversible as well as irreversible 
step pol 3 rmer isations with unequal reactivities are identical 
at a given conversion. 
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SIMULTANEOUS DIEFUSIOIT AND POLYCOEDERSATIOR 

Eor several polycondensation processes the rate of 
conversion is not only determined hy the chemical reaction 
rate, hut also hy the rate of removal of the volatile 
byproduct. Comhination of mass transfer and chemical reaction 
have heen studied in the case of gas absorption. The same 
methods may he used for polycondensation reactions. In the 
initial stages, the volatile product is easily removed. As 
the degree of polymerisation increases, the desorption rate 
is more important. Einally when chemical equilibrium is 
reached, the rate of conversion becomes equal to the shift 
of equilibrium composition with time and largely depends 
on the rate of mass transfer. It is for this later stage 
of polycondensation process that theoretical equations are 
obtained for the rate of interphase mass transfer accompanied 
by chemical reaction. The reaction for a polycondensation 
process can be written as 

P + Q Z + Y 

in which P and Q are reacting end groups, Z is the resulting 
ester group and Y is the volatile component produced. For 
unsteady diffusion accompanied by reaction or for application 
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of penetration model, the following differential equation 
is valid for the concentration of volatile component. 




= D' 


Ov ^7 

+ k (C^ - ) 

0 ' p q Kp 


( 3 . 1 ) 


where k^ is the condensation rate constant and is the 

equilibrium constant. The above nonlinear equation can be 

transformed into a first order system. The linearisation is 

made by assuming that deviations from mean concentration are 

small due to short contact times compared with th.e time 

necessary to produce a significant difference in the mean 

values of the concentrations of non-volatile component. So 

the deviation from equilibrium is small. Such a procedure 

4 

has been suggested by Van Krevelen . Following his work, 
the polycondensation reaction is now written as quasi first- 
order reaction. 


V 



P 


The concentrations 0 ^ and are defined as the distance 
from the equilibrium for V and P. The transformation is 
thus performed by introducing 



C C K 
p q c 

C_ 


= ^p^- % 

—T 


K = 




’K 


( 3 . 2 ) 


and 


k .= 


f 
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in which Cy and are the local concentrations of 7 and P 

Cp » and are mean concentrations in the hulk of 
the liquid. 


With the help of equation (3.2), equation (3.1 ) can 
he transformed to 


St" = 


D 


(Ja 


- k (c^ - c^/k) 


(3.3) 


In the same way, one can write 

- CbA) (3.4) 

Initial conditions J at t=0, C^= 0; = 0 (3.5) 

Boundary condition*: at t>0, x = 0, *^A0 Vi^ 


dX 


(3.6) 


at t>0, X = CO , 0^= 0, 0^=0 (3.7) 


The initial condition is a state of equilibrium throughout 
the liquid. Desorption of component 7 starts at t=0 . 

The B.C.(3.6) defines a quantity being the value of 0.^ 
at the phase boundary in equilibrium with the vapour phase 
and also means that P can not desorbed. The B.C, (3.7) means 
that far away from the phase boundary chemical equilibriiim 
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exists. The instantaneous supply rate per unit surface 
area, is given hy 


••Xj 




J 


C^dx + 


'c^ax 


o 


Mathematical computation: 


A numerical solution of equations (3.3) and (3.4) 
subject to I. 0.(3. 5) and B.C.(3.6) and (3.7) is obtained 
by converting them into a set of implicit finite difference 
equations and solving the tridiagonal matrix equation on a 
computer by making use of a suitable algorithm. 

Equations (3.3) and (3.4) are non-dimensionalised by 
using the folloviing variables. 


a 



; b = 



T = kt 



to give 


>2 

oa _ d a 

^ dx^ 


(a - b/K) 


a? 


-f 


(a - b/K) 


(3.8) 
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Now the I.C. 5 at T = 0, a = 0 ; h = 0 


B.C. at T > 0, X = 0, a = 1 ; II = 0 


at T ^ 0, X = oo, a = 0; h = 0 


When equation (3.8) is written in forward finite difference, 
it leads to 


^n,ni+1 ®n,in 


®n-1,int1 ” ^ ®n,m+1 


^ ®n , m+1 ”^n , m+l ^ 


^n , 111+1 '^n.m ^n-1,m+1 ^ ^n,m+1 ^n+1,iii+1 




which in turn written in matrix form gives 


A? 


n-1 ,m+1 


'I + 2 + . 

V ^ 


- ’ Ex* 7Z2* E 


n,m+1 


n+1,m.1 


This can he rewritten in a convenient form 


i\W j + BW + CW..— I) 
n n-1 n n n n+1 n 


(5.9) 
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It may be noted that D is at a time level m where as all 

n 

W’s are at an advanced time level m+1 . The matrices 

and C are constant and known. An algorithm given by 7imala 
n 

and Nath^ can be used to obtain the solution at m+1 s 


¥ = - E ¥ 

n n n+1 


+ J 


n 


l^n/N-l (3.10) 


where 


E^ = (B^- A E^ . )"^ C 
n n n n-1 n 


J = (B -A E . (D -A J . ) } 

n ' n n n-1 ' n n n-1 -- 


V24n/¥-1 (3.11) 



"" 0 

0“ 


0 

0 ~ 

Using B.C; E^ = - 

_ 0 

1 

ll 

/ 



Jl = 


0 


J = 


0 

o 


(3.12) 


By equations (3.10) air^ (3*12) 

roi 



0 


and by I .C ¥^ = 


Knowing the values of dependent variables at m, i.e. corres- 
ponding to T, the dependent variable \ at m+1, i.e. at T +AT 
can W computed by adopting the following procedure. 
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Pirst, the values of matrix elements B^^..,etc. 

are evaluated. Next with the help of equations (3.11 ) and (3.12) 
and "based on the value of the variables at m are 
calculated for sll n between 1 and N, starting from n = 1 
and proceeding to n = N. By substituting the values of 
and in (3.10) and using B. 0.(3. 12), the values of the 
dependent variables at m+1 are then determined in the 
reverse order i.e. starting from n =N. The so obtained 
values of W at m+1 can then be used to obtain ¥ at ni+2 

il 

and so on. The mass transfer rate was evaluated in terms of 
dimensionless groups appearing in the proposed equation 


N. 


r oo 




1 

T. 


r 

j 


a dx + 



The mass transfer rate is evaluated for various 
values of equilibrium constant. This has been plotted against 
T, with the equilibrium constant K as parameter in figure 1 . 
Sherwood and Pigford presented an analytical solution for 
the problem. It can be observed that the algorithm given by 
?imla and Nath^ is satisfactory. It was intended to apply 
this algorithm to convective mass transfer but could not be 
completed . 





CmPTER 4 


EXt>ERIMENTAL WORK 

Polycondensation is a process of obtaining high 
molecular wei^t compounds. This process is generally accom^ 
panied by the simultaneous elimination of some low molecular 
weight by product. Polycondensations' are reversible and can 
reach an equilibrium. The establishment of the equilibrium 
is determined by the conditions of the condensation. Inorder 
to obtain polyesters with a high molecular weight it is 
necpssary to select conditions ensuring the displacement of 
the equilibrium in the direction of the formation of the 
polyester molecule. This can be achieved only with the 
maximum elimination of low molecular wei^t by products from 
the reaction. So polycondensation is generally performed in 
two stages. Pirst the reaction mixture is heated in a current 
of nitrogen ^s to ensure an inert atmosphere which prevents 
the degradation of higher molecular weight compon.e*lB'and 
facilitates the elimination of low molecular weight reaction 
products from the reaction medium. In the second stage 
heating is continued in vacuum to eliminate the low molecular 
weight by products more completely. It was the aim of the 
experimental work to setup an apparatus where polycondensatio] 
reactions could be studied experimentally. 
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Apparatus ♦ 


A cylindrical glass reactor of t-wo litre capacity with 
a flange was used for carrying out the condensation poly- 
merisation. In order to cover the reactor, a S.S. plate of 
diameter slightly higger than that of the reactor was made. 
Threads were cut at the centre so that a hush could he fixed. 
In the hush a hole of diameter almost equal to that of stirre 
rod was made. A hearing was inserted on the top of the hush 
inorder to allow free rotation of the stirrer. The sketch 
of the reactor is shown in Pigure 2. Care was taken to avoid 
leaks hy fixing the hearing tightly. Three more holes were 
made on the plate for inlet gas (Nitrogen) tube, condenser 
and thermometer respectively. The inlet gas tube was extended 
upto bottom of the reactor so that the nitrogen can bubble 
throu^ the mixture. Only 50 mm Hg vacuum could be reached 
in this apparatus. C 


Starting materials * 


Ac//7p ; 




Adipic acid and propylene glycol were used as starting 
materials. 99?^ pure adipic acid (SDS make) having a melting 
point of 150°C and propylene glycol (anal?"- irade, pfizer 
reagent) were used. Adipic acid and propylene glycol were 
taken as starting materials so that water analysis coiiLd be 
made which requires that unsaturation bonds be not present 
and so that liquid (noncr 3 rstalline) resins could be produced. 



N2GAS INIET 


TO VACUUM SYSTEM 
THROUGH PARTIAL 



F1G.2 SKETCH OF THE REACTOR 
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Procedure « 

Por the synthesis of polypropylene glycol adipate, 
adipic acid and propylene glycol -were used as the starting 
materials. The starting materials were placed in a two 
litre capacity cylindrical glass reactor. The reaction 
mixture was heated hy a heating mantle and the temperature 
was controlled by a proportional controller. Adipic acid 
and propylene glycol were taken in equimolar ratio. 

Propylene glycol was taken 5 % in excess to prevent the loss 
of more volatile component from the reaction medium during 
the reaction. The reactants were preheated before they were 
placed together in the reactor, p-toluene sulfonic acid 
(0.015 equivalant/kg of reaction mixture) was added as a 
catalyst. The reaction mixture was heated with continous 
passage of a current of nitrogen. The heating was carried out 
for six hours at 180°C. A sample was taken out for analysis. 
Then, further heating was carried out at 150'’C in a vacuum of 
50 mm Hg for three more hours. A second sample was withdrawn 
from the reactor at the end of ninth hour. The temperature 
was again increased to nearly 190°C and the reaction was 
carried out for three more hours in a vacuum of 50 mm Hg. 

A third sample was taken out at the end of the reaction. The 
samples were analysed for acid number, hydroxyl number, 
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number average molecular weight from the end group analysis 
and the water content in the sample. The samples were also 
analysed in GPC (G-el permeation chromotography, waters 
Association, U.S,i\.) for molecular weight distribution. 

Analytical procedure t 

Determination of acid number ? The acid number is defined as 
the number of mgs of ZOH required to neutralize the carboxyl 
group in 1 gm.of acid. For the determination of acid number, 
a weighed sample of the resin was dissolved in a mixture of 
methanol, benzene and isopropanol and titrated against an 
alcoholic solution of KOH in the presence of phenolpthalein 
as indicator. 

Aoia number = ^ 

where 

a = ml of KOH used in the titration, 
k = normality of KOH 
b = weight of the sample in gms . 

Determination of hydroxyl number ? The hydroxyl number is 
expressed in milligrams of KOH required to neutralise the 
acetic acid entering into the composition of acetylated 
product obtained from 1 gm. of substance under investigation. 
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An Acyetylation mixture was prepared by mixing 120 ml 
of acetic anhydride and 880 ml of anhydrous pyridine. A 
blank experiment was first carried out. I*or this, 10 ml of 
the acetylating mixture was titrated against a KOH solution 
in the presence of phenolpthalein. The aceylating mixture 
(20 ml) was added to the sample and was heated on a water bath 
for 15 minutes. After cooling, 25 ml of water was added, 
the mixture vas cooled, and then titrated against KOH. 

Hydroxyl number = ( a+b-o) x k x ^6.1 , 

where 

a = ml of KOH that were used to neutralise the acid 
b = ml of KOH consumed in blank experiment 
c = ml of KOH consumed in the working experiment 
d = weight of the sample 

Determination of water * Water was analysed by Karl-Kischer 
titration. 

The conditions used for GPC analysis were as followsi 

Columns employed : lo"^ A, 10^A, 500 A 
Solvent ’ Chloroform 
Elution ratei 1 ml/min 

Calibration was done with Dodecyl mercaptan, and 
2900, 4000, 9000, 50000 polystyrene standard. 

Detector! Refractiv® i’^dex (401 Model) , sensitivity 4K. 
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Results and Discussion ; 

The analytical results of the resin are presented in 
Table 2. As the experiment proceeds, inspite of the partial 
condenser some ethylene glycol does vaporise. So the initial 
ratio of Glycol to Adipic acid -will not he the proper ratio 
to use at all times. To avoid this difficulty, monitoring 
of the ethylene glycol in the condensate is to be done. 

In this -work, to perform theoretical calculations it ■will be 
assumed that equilibrium has been achieved . This is justified 
by the follow; ing calculations? 

EquiUtaium oonstMit oC {water) (ester grSup) 

rC ^crd number) (Hydroxyl number) 
(w;ater) (Number average mole- 
cular weight) 


Further the number average molecular weight is given 
by half of sum of end groups or is proportional to half of 
sum of Acid number and Hydroxyl number. 


Equilibrium constant 


OC (Acid number ) (Hydroxyl number) 
(Water) (Acid number + Hydroxyl 

number) 


These numbers for all the three resins are approximately the 
same. Hence it is reasonable to assume equilibrium has been 
reached. In theoretical calculations it was therefore assumed 
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Table 2 

AFAIYSIS OP ESS INS 


Resin 

number 

Acid 
numb er 

Hydroxyl 

number 

"Water 
content 
•wt .9^ 

(Acid number+ 
Hydroxyl number)/ 2 

1 

77.5 

60.2 

1 .20 

68.8 

2 

41 .3 

40.5 

0.62 

40.9 


3 


23.8 


20.8 


0.36 


22.5 
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that each resin was obtained from a resin whose initial 
glycol to acid ratio would he that which is consistent with 
the observations. [Thus if P is the conversion of hydroxyl 
groups, and if R moles of glycol were taken per mole of acid, 
then 

Acid number x 10”^ _ 2(1-EP ) 

^ 50 ~ M^-18RP 

Hydroxyl number x 10 2R ( 1 - B ) 

' 56.1 =RM^^M^-18Rp 

Rrom this R and P could be calculated. Ihromresults of 
2 

Gandhi and Babu 

= (RM(,+M^)/(R+1-2«) 

PDI = (R+1 -2 a ) 

m|( 1+R^) + 4a M^(R+R^ 

(1- RP^) (RMg+]y^)^ 

The calculated values of R and p were then used to compute 

M and H)I for each resin. These are given in Table 3. 
n 

GPC results are presented in figures 3 to 9. Duplicate 
runs are also presented for comparison. Firstly the molecular' 
weight can only be in increments of (Mg+M^-18) or approximately 
200. While this does not pose any problem for high molecular 
weight samples, at low molecular weights it causes, errors as 
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GK! takes the curve to he continuous. This can he avoided 
only if the resolution is improved hy use of other columns. 
As they were not available, the analysis could not he impro- 
ved. The results of GPC are also presented in Table 3. 
Considering the difficulty with resolution , the disagreement 
between GK! results and others can not be commented upon. 

can also be calculated from analytical results. 

It is given by 

3 

M = EQni'valen'fc weight of KOH x 10 
^ n~ (Acid number + hydroxyl numberj/s 

These results are also presented in Table 3. The agreement 
between theory and experiment can be considered satisfactory. 

It can be concluded that the experimental set up is 
to be modified to get better vacuum for making high molecular 
weight resins and that columns have to be added to GPO to get 
better resolution. Monitoring of glycol concentration in the 
condensate is also necessary, for the given set up the 
agreement between theory and experiment is satisfactory. 
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Ta]ble_3 

comparison tfboretic/.i and ETrr":::D::r;.i. res lips 


Resin 

number. 

lyL 

Analyti^el 

1 

n 

Theory GPC 

PDI PDI 


1 

814 

728 

3.76 /^350 

1.7 


2 

1365 

1316 

4.40 ^^890 

2.2 


5 

2513 

2665 

4.40 .^1790 

3.6 
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CHAPTER 5 
CONCLUSIONS 


It was shown that the MWI) for reversible as well as 
irreversible step polymerisation with unequal reactivities 
are identical if it is assumed that in a given species all 
Internal arrangements are equally probable. 

An algorithm given by Vimala and Nath was used to 
solve the linear simultaneous partial differential equations 
describing simultaneous diffusion and polycondensation and 
the results compared well with the exact solution available. 

The experimental setup designed to make polyesters 
has to be modified to get better vacuum for making high 
molecular weight resins. Some additional columns have to be 
added to CPC to get better resolution. Monitoring of glycol 
and water in the condensate may be necessary to calculate MWL, 
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